The concepts of functional equivalence classes and information control in living systems are useful to characterize downward (or top-down) causation by feedback information control in synthetic biology. Herein, we re-analyse published experiments of microbiology and synthetic biology that demonstrate the existence of several classes of functional equivalence in microbial organisms. Classes of functional equivalence from the bacterial operating system, which processes and controls the information encoded in the genome, can readily be interpreted as strong evidence, if not demonstration, of top-down causation (TDC) by information control. The proposed biological framework reveals how this type of causality is put in action in the cellular operating system. Considerations on TDC by information control and adaptive selection can be useful for synthetic biology by delineating the irreducible set of properties that characterizes living systems. Through a 'retro-synthetic' biology approach, these considerations could contribute to identifying the constraints behind the emergence of molecular complexity during the evolution of an ancient RNA/peptide world into a modern DNA/RNA/protein world. In conclusion, we propose TDCs by information control and adaptive selection as the two types of downward causality absolutely necessary for life.
INTRODUCTION
Despite being at the core of natural sciences, the understanding of the nature of causation has attracted the attention of a rather small number of scientists. However, with the rise of systems biology and synthetic biology that aim at understanding biological systems in a more global, holistic way, causal concepts could be helpful to those fascinated by problems related to the emergence of complexity in life. Understanding the nature of causation in living systems can provide the necessary framework to characterize the relationships existing between different levels of biological complexity. As the perceptible world around us is based on matter, most scientists usually assume that causal effects stem from the bottom up and that the complexity of living systems could be explained in terms of simple 'bottom-up' and 'same-level' causations. However, this present view likely reflects only parts of the truth and can be put to the test by the fields of systems biology [1, 2] and synthetic biology [3] [4] [5] [6] . For instance, the recent area of synthetic biology aims at designing, synthesizing and engineering new biological functions and systems not found in nature. Therefore, one can get a better understanding of how new functions and systems should be integrated to fulfil the properties of life.
For most scientists interested by questions related to the problem of emergence of complexity, it is generally accepted that the development of emergent properties, which is clearly a bottom-up (or upward) causality, is influenced by top-down (or downward) causality [7 -10] . While bottom-up causation is the ability of lower levels of reality to have causal power over higher levels, top-down causation (TDC) is typically defined as the ability of a higher hierarchic level to have causal power over lower levels. Therefore, while biological components (for example, proteins and RNA molecules) have causal effects on the functioning of a whole biological system, it is also apparent that the whole, as a context, can have an effect on the lower components through boundaries and constraints that determine the outcomes of lower level causations ( [9, 11] and references therein). Simple and concrete examples from biochemistry and molecular biology can demonstrate this phenomenon. For instance, a particular RNA sequence can fold into a functional three-dimensional conformation via an intricate network of hydrogen bonds between its constituent residues. In the context of the whole RNA sequence, the conformation of a set of residues is subject to the residues that surround it and can be energetically less favourable than the one that it might eventually adopt in the context of a smaller portion of the RNA sequence. Consequently, a complex RNA or protein illustrates how a network of structural interactions as a whole can affect the properties of its constitutive parts [12] .
It was recently suggested by Ellis [11, 13] that there are at least five different types of TDC taking place in natural sciences depending on the context: algorithmic TDC; TDC via non-adaptive information control; TDC via adaptive selection; TDC via adaptive information control; intelligent TDC. Recognizing these different forms of causation implies that causes other than those involving physical and chemical interactions exist in the real world [11, 13] . Because of its key implication in living systems, TDC by information control was investigated more extensively by Auletta et al. [12] in order to propose an experimental and biological framework aimed at testing TDCs at the bacterial level. TDC by information control occurs when a higher level entity influences lower level entities so as to attain a specific functional outcome (goal) through feedback information control loops [12] . The feedback control system depends essentially on the flow of information, coupled to an evaluation of that information relative to the particular functional outcome.
In Auletta et al. [12] , we proposed that the establishment of classes of equivalence in living organisms could potentially be used as objective criteria for demonstrating the existence of TDC by information control. A class of functional equivalence is defined by a functional outcome (goal) that is operated by lower level components that can be different as long as they produce the same outcome. By exemplifying the conservation of functions rather than the conservation of modes of operations, the existence of classes of equivalence strongly suggests that it is the biological system as a whole that defines the boundaries and constraints within which a particular class of functional equivalence is established by natural selection. In other words, it is a functional need developed by the whole biological system that defines the constraints within which a particular class of equivalence is established. However, without understanding their respective roles within the context of a whole cell, functional equivalence classes are more symptoms of TDC rather than being direct proofs of TDC. It is therefore of prime importance to clearly establish the controlling instances behind the existence of an equivalence class and to understand how this class is established by natural selection. To address this question, it is beneficial to look at bacterial cells because of their simpler organization. Presently, tool kits from synthetic biology allow the demonstration of the existence of functional equivalence classes in bacteria by experiments of complementation, which typically consist of the replacement of one functional gene by another one in a single organism [12] (see box 1 in electronic supplementary material, appendix). This can subsequently demonstrate TDC by information control if a good understanding of the controlling instances behind the existence of the class of equivalence studied can be provided.
In the present paper, we first define a bacterial cell based on the concepts of master functions, networks and flow of information. We then outline the concept of classes of functional equivalence and briefly describe the way they can be experimentally established in microbiology and synthetic biology. We then review several experiments published in the literature that present compelling experimental evidence for the existence of various functional equivalence classes in bacteria. By focusing on functional equivalence classes belonging to the cellular operating system (COS) of bacteria, we establish the information control instances behind their existence and propose that TDC by information control, in conjunction with TDC by adaptive selection, can-to some extent-explain how the functions from the COS came to be through evolution. As such, TDC by information control and adaptive selection are at the root of what characterizes living systems on the Earth. These considerations provide a helpful framework for future experiments in synthetic biology, which will facilitate the build-up of a minimal living system and will assist in the establishment of the higher level functions that characterize living systems of greater complexity than bacteria.
DEFINING BACTERIAL MICRO-ORGANISMS
To better understand how TDC operates in bacteria, a basic knowledge of how a cell functions is essential. By taking the example of bacteria, one can view this biological system as a single cell, a homogeneous cellular colony or a more elaborate ecosystem involving a genetically heterogeneous cellular population. Controlling instances might be ascribed differently depending upon the context used as a reference. Herein, we consider the cell as a unit that is a complex intracellular network defined by chemical reactions, structural and functional parts, and the ensemble of their functional relationships with respect to one another.
Hierarchical functional networks and master functions
To fully comprehend the functional organization of a cell is possible only through the understanding of it as a cellular network [14] [15] [16] [17] . While metabolic, genetic and regulatory sub-networks can be distinguished, it is the ensemble of these networks that constitute the fundamental system characterizing life. In a holistic way, it is the cell-as an irreducible 'controlling' unit-that determines the set of informational feedback control loops necessary for its survival. In the literature, the metabolic regulatory network is often distinguished from the genetic regulatory network, but it is clearly the interplay between the two that forms the controlling informational instances of the cell. The metabolite pools act as intracellular molecular signals that link the metabolic network to the genetic network through genetic regulations [18] . Despite their apparent daunting complexity, these biological networks are themselves very modular in their overall organization, with subdomains and network motifs being easily distinguishable [15, 19] . In fact, mathematical models suggest that biological networks are inherently simple with modular units that could virtually perform independently [16, 19, 20] . Nevertheless, much remains to be performed at the experimental level for understanding this modularity in terms of functions. This necessitates comprehending what is TDC by information control in life L. Jaeger and E. R. Calkins 27 the essential functional network that defines the invariance for life and how these functional modules are wired to create the fundamental living network. Regardless of the earlier-mentioned considerations, a living cell can be described at an organic level as an autonomous functional entity, while its constitutive parts cannot. The way we approach the cell as a network is to look at it as a hierarchical system of functions in informational relationships with one another where master functions are the functions essential for life. These master functions can be defined as higher order functional cyclic networks composed of multiple subfunctions (figure 1). They unify and integrate the system into a single autonomously behaving and responding, temporarily persistent, identifiably acting entity. A master function can be reduced to a minimal set of sub-functions, which itself is typically irreducible. Building up from von Neumann's [31] idea of self-reproducing automata, Danchin [32] proposed that a bacterial cell could be described as a biological computer that is split into a machine (cellular machinery) and a program (genome). The COS is the link between the program and the cell machinery (figure 1c). By involving multiple operations such as replication, transcription, translation and regulation, the COS is at the root of the two main master functions of bacterial life: the replication of the genome and reproduction of the cell machinery. The intimate informational network that results from the symbiotic association of these two master functions is what characterizes cellular life. As such, 'cellular life' could be seen as the higher level master function. For a cell, its outcome is the formation of two daughter cells from one. Albeit reductive, this view is useful for describing the phenomenon of TDC by information control.
The cell as a flow of information
While there are different kinds of information, it can generally be defined as that which brings about a reduction of uncertainty or indeterminacy [33, 34] . An anticipated characteristic of all master functions is that they are functional cyclic networks. Note that the 'chemoton' proto-cell described by Szathmary & Smith [35] fits the present description of a cell as a functional cyclic network [36, 37] . Because of their cyclic organization, these networks can also be seen as informational networks with inbuilt informational links acting as feedback control loops. As such, an informational link can be broadly defined as any type of physical and/or chemical interaction existing between two functions. This link has both a functional and informational meaning in contrast to random molecular interactions that are part of the noise. Within the context of a cyclic network, an informational link can include a chemical reaction resulting in the transformation of one molecule into another, the operation of an enzyme on a substrate or the operation of a molecular effector acting as a signal on another molecule.
The flow of information pertaining to the various biomolecular processes of the COS is shown Circled letters correspond to steps subjected to complementation experiments described in table 1 (A [22, 23] ; B [24, 25] ; C [26, 27] ; D [28, 29] ; E [30] ). schematically in figure 2 within the context of the present 'dogma' of molecular biology of the cell. It exemplifies the relations between the three major categories of informational polymers: DNA, RNA and proteins. The control of informational flows contributes to cellular homeostasis. Within the COS, informational flows mediated by protein, RNA and metabolite functions locally form numerous cycles. The COS is therefore characterized by multiple feedback loops of information. As such, the COS has an inbuilt control of the information it processes. It contributes to the selection of the 'quality' of the information carried by the informational molecules and regulates the level of expression of the information.
In a functional network, it is possible that the flow of information forms a self-replicative cyclical operational network, also called a hypercycle [40] . However, functional cycles are not all self-replicative and could also take place at the level of lower constituent functional entities (figure 1b).
THE CELL AND TOP-DOWN CAUSATION BY INFORMATION CONTROL AND ADAPTIVE SELECTION
The sub-functions that constitute a master function emerge from the bottom up. A master function as complex as the 'modern day' replication of the cellular programme is however extremely improbable to have emerged by mere 'chance' (figure 1c). Even in the simplest modern cell, a master function 'ought to come' from simpler molecular systems that nevertheless keep the intrinsic properties and characteristics of the master function conserved through the process of evolution. Therefore, a master function creates the functional constraints and boundaries within which the lower functions can evolve, diversify and eventually become more complex. It is important to realize here that it is the COS that operates the reproduction and replication of the cell. The various molecular components of the COS can interact, recombine and diversify to lead to further complexification and differentiation, offering new capabilities and potentialities. Thus, the COS does constitute, in the philosophical sense, the system formal cause [12] . This characterizes a top-down causal effect by the whole system (defined by master functions) on the molecular parts (defined by the functions of lower levels that operate the master functions). Considering the master functions of a cell, the functional constraints are informational constraints. Each sub-function that has evolved within the master function is constantly selected for the quality of its information. Therefore, it is the master function that ultimately 'decides' whether the information will be The diagram in (a) conceptualizes and summarizes the different pathways and feedback loops that relate to the three major categories of informational polymers involved in the COS. ncRNAs, non-coding RNAs; mRNAs, messenger RNAs (coding for proteins). RNA replication (step 6) is a process that occurs in eukaryotic cells [38, 39] . It might also occur in bacteria. The cellular metabolism can theoretically have an informational effect on any of the COS (this is indicated by a green arrow directed from the cellular metabolism to the COS). (b) Simplified diagram with information feedback loops involved in the processing of ncRNAs that directly participate in translation (e.g. rRNA, tRNA). Dashed arrows indicate steps that are not essential to the process. The gene corresponding to the ncRNA is transcribed (step 2) into a ncRNA precursor that might require post-transcriptional processing (step 4), so it can be used by the translational apparatus for synthesizing proteins (step 3). Translation (step 3) is possible only when the information encoded at the level of the ncRNA gene is valid. The quality of the information carried by the ncRNA is necessary for the production of the enzymes responsible for the production of the mature ncRNA, like the RNA polymerase (step 2), the proteins of the translational apparatus (step 3) and the proteins involved in the maturation (step 4). This feedback loop controls the quality of the informational properties of the ncRNA. kept or not. This is characterizing TDC by information control [12] . As the sub-functions are intimate parts of the master function, the acceptance or rejection of the new information carried by the new sub-functionalities leads either to the survival or to the death of the cellular system. However, within the context of evolution, death as an outcome is not an issue. There are typically millions of cells that can proofread the quality of the information and function in parallel (like parallel processors of information). To be fully operational, the cell therefore needs to perform within a space of possibilities. The process of selection for valid information is operated 'in a blind way' by multiple copies of identical (or quasi-identical) cells. This is characteristic of TDC by adaptive selection. Bacterial cells can therefore be characterized by TDC by information control in conjunction with TDC by adaptive selection.
In summary, this TDC framework implies that the cell can be operated by different modes of operations or functions of lower levels as long as the properties defined by the master functions are conserved [12] (figure 1). The direct philosophical implication of this framework is as follows: through TDC by information control, the master functions affect the outcome of their functional parts that contribute to the conservation of the properties of the master functions that define the whole system. Additionally, the master functions define the boundaries within which the lower level functions evolve by natural selection. Aspects relative to the emergence of the functional properties for cellular life are discussed at a latter stage in this paper. Within an evolutionary process (that takes advantage of adaptive selection by definition), it is because of information control from the top down that the phenomenon of convergence of functions can possibly take place.
The concept of classes of functional equivalence can be extremely useful for providing experimental biological evidences in favour of this framework. Indeed, the demonstration that different modalities can operate similar or identical functions within the cell and that these functions are under information feedback loop control would constitute a rather eloquent proof of TDC by information control.
CLASSES OF FUNCTIONAL EQUIVALENCE IN BIOLOGY
In biology, a class of functional equivalence is defined by different modes of operations (typically defined by a set of molecules) that have the same function or lead to the same functional outcome [12] . The underlying concept of functions is therefore crucial for asserting without ambiguity whether two distinct modes of operations are equivalent or not in living organisms. Potential molecular candidates to a particular class of functional equivalence are often identified by comparative genomic sequence analysis of different species. This approach mainly allows identification of homologous functional molecules that result from evolutionary divergence (figure 3b) and that operate by similar conserved mechanisms (e.g. RNA polymerases, ribosomes or RNase P RNAs from different organisms). However, equivalent modes of operations are not necessarily related by homology as they can result from ultimate evolutionary convergence (figure 3c 3d,e) . Consequently, molecular candidates analogous to a particular functional equivalence class require extensive experimental characterization of their function. This can partially explain why the number of examples of molecular functional convergence reported in the literature is still scarce. The concept of functional equivalence classes allows the dismissal of evolutionary concerns such as homology or analogy because what really matters when comparing two modes of operation is their degree of structural and functional similarities, not their evolutionary relationship per se. Nevertheless, within a class of functional equivalence, evolutionary considerations are useful to identify its most compelling members, which should be structurally very different (different shapes and structure topologies) and most likely result from evolutionary convergence [41, 42] .
Complementation experiments are the most straightforward methods for establishing the functional equivalence of different biomolecules or pathways in organisms (figure 4 and box 1 in electronic supplementary material, appendix). They are part of the toolkits of synthetic biology. By replacing a set of operations, defined by one or more molecules with a particular functional outcome, for another one, it is possible to verify whether the new set of operations is able to recover the initial function within an organism. Because of the remarkable functional modularity of living organisms, numerous classes of functional equivalence could potentially be defined in this way. It is, however, important to keep in mind that the demonstration of functional equivalence by complementation is dependent upon the initial experimental conditions. In some optimal conditions, two sets of operations might look functionally alike (equivalent) while in more discriminative conditions, they might show distinctive functional behaviour. Grouping two different sets of operations into the same class of equivalence can therefore require a certain degree of coarse graining. Moreover, if the complex interconnectivity between components of a sub-function is not fully understood (i.e. not all of its operations have been characterized), then replacing only part of its operations might appear to have no functional equivalence.
From an evolutionary point of view, complementation experiments are good models for horizontal gene transfer (HGT), also called lateral gene transfer. In bacteria, it is not uncommon for genes to be transferred horizontally from one organism to another. HGT allows bacteria to acquire new functional modules and can therefore be seen as contributing to the innovation and potential emergence of new functions. It is also through this modality of genetic exchange that functional convergence of different modes of operations can potentially be established [50] . For instance, the quasi-universality of the genetic code shared by all living organisms might be resulting from such unifying processes [50] .
EXPERIMENTAL EVIDENCE FOR CLASSES OF FUNCTIONAL EQUIVALENCE
Several examples of complementation experiments published in the literature demonstrate the functional interchangeability of different molecules or even different molecular pathways that are involved in similar cellular processes (table 1) . They establish in vivo the existence of various classes of functional equivalence within the OS genetic network [22] [23] [24] and the metabolic networks [52, 53] in bacteria, archaea and lower eukaryotes (e.g. yeast [53] ). Many of these complementation experiments demonstrate that functions from eukaryotes could be similar or at least partly similar to those found in bacteria, indicating strong conservation of functionalities throughout the three different branches of life [53] . With the exception of the work by Wegscheid et al. [25] , none of the reported complementation experiments has ever been interpreted in the literature within a conceptual TDC framework.
The complementation experiments involving functions carried out by amino-acyl tRNA synthetases (aaRS) [22, 23] (figure 3d ), RNase P [24] , flippases [52] and pyrophosphatases [53] demonstrate without ambiguity that very different modes of molecular operations could be substituted by one another as long as their function remains the same (table 1 and figure 5 ). In all cases, the molecular instructions that are exchanged have likely originated by ultimate convergent evolution [41, 42] because they do not share any apparent structural similarities. The best example of all is the complementation experiment in Escherichia [41] . At the molecular level (ii), one can distinguish parallel convergence (where the same molecular system in two different organisms evolves independently the same way), proximate convergence (where a molecular system that has diverged significantly in two lineages converges towards the same features) and ultimate convergence (where two different evolutionarily unrelated molecular systems converge towards the same functional features) [42] . In contrast to ultimate convergence, parallel and proximate convergences are phenomena that pertain to evolutionarily related molecules. [43] ). They are distinct structural equivalence classes that belong to the same class of functional equivalence defined by Lysyl-tRNA aminoacylation functionalities. (e) Functional convergence of class II and class III of S-adenosyl-methionine (SAM) riboswitches [44] . These two distinct structural classes have different modalities of recognizing SAM [45, 46] . Figure adapted from Serganov [47] .
coli where the RNase P function, which is essentially based on an RNA in bacteria, is replaced by a purely proteinaceous RNase P from plant organelles [24] . By substituting a function carried by an RNA with one carried by a protein, one cannot argue that the two molecular systems are swappable simply because they share conserved structural features. In this experiment and others [22] [23] [24] 52, 53] , the only feature that the exchanged molecular systems share is their functional outcome. These experiments are therefore in much stronger support of TDC than that [25] originally mentioned by Auletta et al. [12] . Indeed, in Wegscheid et al. [25] , the RNase P RNAs that were exchanged are still phylogenetically related despite their significant biophysical differences. On the basis of the cellular framework presented in figure 2 , the classes of functional equivalence identified in the COS readily provide strong clues, if not proof, of TDC by information control. As shown in figure 5 , both tRNA aminoacylation (involving aaRS) and tRNA maturation (involving RNase P) are essential processes for the proper implementation of the basic protocol of the genetic code. If tRNAs are not able to be properly amino-acylated or matured, the enzymes responsible for tRNA production (RNA polymerases, aaRS and RNase P protein) cannot be accurately synthesized by the translational apparatus (see also electronic supplementary material, figure S1 ). Therefore, the very existence of the multiple feedback control loops at the level of the COS offers several possibilities to verify the quality of the operations necessary for replication and cellular reproduction (figure 2b).
In these examples, we can clearly establish that the information selection defining the operational elements of the class is conserved despite the differences in lower level variables. This is demonstrating TDC by information control. A more philosophical framework is also shown in figure 6b .
Presently, it is apparent that regulatory elements, which control the expression of gene operons in bacteria, can have very different modes of operations for regulating similar gene operons in different bacteria [58, 59] . At least three different categories of attenuation mechanisms (ribosome-mediated, protein-mediated and unchargedtRNA-mediated) are involved in the regulation of the tryptophan operon in bacteria [58, 60] . Another remarkable example is given by the very distinct structural classes of S-adenosyl-methionine riboswitches that seem to be interchangeable for controlling-via an attenuation mechanism-the same type of genes in Figure 4 . Examples of four different categories of complementation experiments. Organism A is the donor of the operation of function F, and organism B 0 , resulting from organism B after knock out of the operation of function F in organism B, is the recipient. Molecular entities are represented by small, coloured geometric symbols. Selected references corresponding to each category of complementation: orthologous replacement [25] , non-orthologous replacement [22, 24] , pathway replacement [23, 48] and regulatory complementation [49, 51] . Additional examples are provided in table 1. Table 1 Examples of complementation experiments demonstrating the existence of functional equivalence classes in the genetic, metabolic and regulatory networks. The listed examples only represent a small subset of experiments of complementation or gene replacements. They were identified in PubMed with the key words: complementation, gene, function replacement (or displacement), orthologous, parallel, non-orthologous (or non-orthologous) and heterologous. The experiment by Wegscheid et al.
[25] has been described in Auletta et al.
[12].
Experiments referenced [22 -25,51] TDC by information control in life L. Jaeger and E. R. Calkins 33 different bacteria species [44, 61] (figure 3e). These examples are far from being isolated cases and would require a thorough investigation. At the molecular level, functional convergence is likely more common than it was initially thought to be. By looking at cellular functions that are linked to the intrinsic regulatory mechanisms of the bacterial cell as well as the extrinsic physical and chemical environment in which the bacteria live [6] , other interesting conserved functional features under TDC by information control are likely in existence, especially at the level of regulatory controlling elements.
In the future, it will also be of prime importance to look at functional networks in an evolutionary context to ultimately understand their modularity and possibly how their parts came to be [19] .
DISCUSSION
One of the important questions relative to living systems is to identify the core functional properties that characterize life. TDC by information control and adaptive selection could be particularly insightful for explaining the emergence of novel functions in living systems. These considerations could also be useful for proposing new experiments of synthetic biology.
The emergence of the core functional properties of life
Among the definitions of life, many share the notion that cellular life is associated to the emerging properties of a replicating informational molecular system able to mutate [32, 62, 63] . While the informational template should be allowed to change for exploring a space of possibilities for new functions, it still needs to retain the ability to replicate effectively. Exploration of novel functions is possible because of imperfections in the replication process, which creates the constraints for this exploration. Like the pre-existing information, the new resulting molecular information requires selection for its viability within the system. In other words, the new information is expressed and controlled for its ability to operate within the system. The control of the 'quality' of the information (through feedback control) is embedded within the replicating system and can be seen as a necessary underlying property associated to the function of replication. However, the issue here is not merely to replicate but to also properly segregate the new information resulting from replication so that what is essential to the system is kept while what is deleterious (lethal) to the system is disregarded. Therefore, the replicating system requires compartmentalization with selective reproduction of the molecular sub-functions responsible for DNA replication and cell reproduction, as well as the novel functions that are not detrimental to the cellular master functions. While there is a drive here for perpetuating the informational master properties within the system through time (a drive for life that allows exploration of novelty), there is also a drive for eliminating parts of the molecular information that do not fulfil the master cellular functions (therefore a drive towards decay and death). The main selection drive behind perpetuation of the informational properties is to retain among others, the novel functions that allow intake of the sources of chemical energy, production of the molecular building blocks necessary for the synthesis of the biomolecules that support the master functions of 
(ii) (c) Figure 5 . Examples of functional equivalence classes within the process of tRNA synthesis and activation from the bacterial operating system. (a) In Escherichia coli, the endogenous type A RNase P RNA can be substituted by a type B RNase P RNA [25] . It can also be substituted by PROP1, a proteinaceous RNase P from plant mitochondria (Arabidopsis thaliana) [24] . (b) (i) LysyltRNA synthetases (LysRS) have been found in different organisms and are categorized as either class I or class II. Substituting a class II bacterial LysRS by a class I archaeal LysRS still allows the bacteria to operate the COS [22] .
(ii) The direct pathway of amino acylation of glutaminyl tRNA found in E. coli can potentially be substituted by an indirect pathway involving first mischarging of tRNA gln with Glu by glutamyl-tRNA synthetase (GluRS) to form glutamyl tRNA Gln . Then, glutamyl tRNA Gln is converted into glutaminyl tRNA gln by Glu-tRNA Gln amidotransferase (Glu-AdT) [23] . (c) The process of maturation of 5 0 -leader pre-tRNA by RNase P does not exist anymore in Nanoarchaeum equitans. Instead, the tRNA genes code for tRNA precursors without 5 0 leader because transcription starts now at the level of the mature 5 0 end [57] . With respect to mature tRNAs production for translation, the Nanoarchaeum process is expected to be equivalent to the RNase P-dependent one. However, this remains to be tested in vivo. Colour code for reaction processes is the same as in figure 1c .
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the cell as well as their repair, etc. The main selection drive behind the elimination of undesirable information is to retain, for example, the functions that favour degradation processes and the segregation of undesirable molecules from the correct ones as well as elimination of the cellular systems that have aged, etc. [64] . Because of TDC by information control and adaptive selection, one can perceive how unrelated molecular systems could converge towards similar or identical functions during evolution. The master functions of the cell (replication and reproduction) are the properties that characterize the cellular unit as a whole. They are defined at the molecular level by a set of relationships that abstractly define the COS network and absolutely need to be conserved ( figure 2) . Through the COS, the cell selects the information that it can process, which is also the information that constitutes parts of the COS itself. The COS is, by definition, built up for working via feedback through information control. Any information that it processes, if disruptive, is ultimately eliminated because it induces the destruction of the whole cell. By contrast, if selected, the COS can operate with it and the replication of the information and the reproduction of the cell can occur. The cell therefore operates through TDC by information control; the higher level master functions have causal power on the set of lower level functions or operations that are causally effective for controlling all the information processed by the cell in order to assure conservation of the master functions. Interestingly, the constitutive lower level functions of replication and cellular reproduction can be carried out by different modalities of operations. This is particularly well exemplified by the COS of bacteria, archaea and eukaryotes. Despite sharing similar overall mechanisms and numerous similar macromolecular machineries for replication, transcription and translation (e.g. RNA polymerases, ribosomes, DNA replisomes), they can nevertheless present significant differences at the level of the molecular operations leading to these functional outcomes. As long as the master functions are conserved, the intracellular network of molecules and their associated interactions can significantly vary as long as the overall process is maintained. For instance, different classes of enzymes are structurally highly divergent or even unrelated at the level of their structures (e.g. class I and class II LysRS, figure 3d ) but essentially carry the same function at the level of the COS (see earlier text).
The phenomenon of TDC by information control through adaptive selection can explain how living systems could possibly have some of their parts evolving through time from an RNA/peptide world to a DNA/ RNA/protein world [65] (figure 7). As long as the basic master functions of the cell are conserved, the cellular system can increase in complexity by creating new functions that fit the goal of the master function. The optimization of the COS is essentially driven by the need to efficiently process a greater amount of information. The fitness of the cell is defined here in terms of being able to efficiently operate the master functions.
Within our TDC framework, we propose a scenario explaining how simple replicating and reproducing cellular systems, based on COSs involving a limited set of functionalities, could have developed into modern COSs (figure 7). What is making this scenario possible is the existence of classes of functional equivalence with modes of operations able to be interchanged between different cellular entities through HGT [66, 67] . It is therefore with TDC by information control and adaptive selection that the phenomenon of convergence towards a unique COS can take place. Several important emergence events might have occurred. First, coupling between RNA replication and cellular metabolic reproduction led to the first autonomous living cells. This coupling corresponded to the emergence of the first regulatory network associated to the COS. Then, the natural drive of informational molecules to increase in size led to an increase of complexity that required improvement in the processing of this information. This could have taken place in multiple steps, which likely overlapped in time, each of these steps improving the accuracy and speed of the COS. Key emergence events were (i) the invention of the universal genetic code with the translation of coding RNA into encoded peptides allowing the COS to rely more and more on proteins to carry important catalytic functions and followed by (ii) the invention of DNA as a superior support of the genetic information. As such, DNA genomes offered the advantage to be more easily repaired than RNA genomes. Additionally, other essential functions, which paved the way towards efficient production of chemical energy, communication between cells and their environments as well as between different cells, emerged very early in conjunction with the emergence of the common 'modern' COS of all living organisms [66] . This point in the history of cellular evolution, which can be traced back from modern day organisms, gave rise to LUCA, the last universal common ancestor (figure 7). It is only from that point that cellular life was ready for the next evolutionary step leading to speciation through division of labour and multi-cellular organization [66] . This point, called the Darwinian threshold, is therefore at the origin of the major division between eukaryotic, bacterial and archaeal cells. However, note that the process of optimization of the COS has continued to take place to a minor extent after that point of history.
Our discussion here pertains only to the core master functions of cellular life. During evolution, new master functions can emerge with a selection drive towards higher order functions (such as those pertaining to differentiated multicellular living systems). However, any new set of emerging master functions cannot work against the master properties of lower levels but have to be built upon them. Good examples are parasitic-or symbiotic-living cellular systems. The genomes of these obligate systems might have lost some of the lower level operations necessary for their autonomy outside their host. However, they rely on the fundamental lower level properties provided by their host to operate their master functions. In all cases, any new master functions will create new functional boundaries for TDC by information control and adaptive selection. Therefore, TDC can enable new classes of equivalence to appear through an explosion of diverse life forms and species [68] that are themselves subjected to new phenomena of convergence [69] .
Future perspectives for synthetic biology
With synthetic biology, new biological functions and systems not found in nature can be created through a combination of in vivo, in vitro and in silico techniques. One can envision the engineering of new living organisms by modification of their genomes from a top-down approach [70, 71] or by integration of artificial molecular parts from the bottom up [70, 72, 73] . For the past few years, bootstrapping experiments with synthetic bacterial genomes derived from natural ones have been underway for recreating minimal living bacterial organisms from Mycoplasma [74] [75] [76] and, very recently, some of the technical challenges have been overcome [77] . For instance, the genesis of new Mycoplasma mycoides cells has been demonstrated by transplantation of a synthetic genome into a M. capricolum recipient cell [77] .
We believe that our present TDC framework could be useful for planning future experiments of synthetic biology in order to unravel the minimal set of functions that characterize living systems [21, 78] and providing insight about the way some of the essential cellular functions came to be. For instance, using the concept of classes of equivalence, it might be possible to substitute some of the existing cellular processes by simpler ones, once a class of functional equivalence is established. As it has been shown in the archaeon Nanoarchaeum equitan [57] , the production of mature tRNA does not require RNase P as long as the tRNA genes are organized at the level of the genome such that all pre-tRNA transcripts are produced without 5 0 -leader sequences (figure 5c). A deeper understanding of the different classes of functional equivalence and their modularity could be essential for the integration of new functionalities that would be more deeply rooted in the cellular regulatory network of the cell. Key factors will be the proper identification of the modality of regulations and flow of information at the level of these minimal living systems that are likely to present some degree of hierarchical organization. The minimal set of cellular functions identified in Mycoplasma organisms is likely to be an interesting starting point for investigating the process of emergence of new functions and properties at the level of these organisms.
While it is unlikely that the new M. mycoides strain will be able to be (de)-evolved into a form of life that does not require the translational apparatus, it is however anticipated that the determination of the important characteristics at the root of the master functions of life through the top-down approach will be of some help to those interested by the bottom-up approach. It might be possible to substitute a certain number of operations of lower functions naturally carried out by proteins into some carried by artificial RNA molecules, creating a new cellular 'RNA world'. These experiments could be seen as 'retro-synthetic' biology. In this exercise, several hypothetical evolutionary pathways could be investigated for their potential to have led to modern day cellular systems. A better understanding of the necessary emerging requirements for cellular life might come from giant viruses such as mimiviruses [79] [80] [81] . These obligate parasitic systems offer the intriguing possibility to be engineered into biological systems that could express a COS (with a fully operational translational apparatus) that might allow them to function independently from their cellular host. However, these experiments come with possible ethical issues that should not be neglected.
Synthetic biology has presently demonstrated that it is possible to design novel metabolic pathways with new specific synthetic goals (systemically 'needed' outcome or products) in bacteria [71, 82, 83] or to express orthologous pathways that can work in parallel with existing pathways in order to express new genes to create artificial metabolic systems [84, 85] . For instance, it has been demonstrated that a synthetically evolved orthogonal ribosome system can function within E. coli to generate protein with unnatural amino acids in parallel to the 'normal' ribosomal system [85] . It is possible to create new regulatory pathways by triggering specific 'behaviour' (e.g. bacterial motility) in response to specific molecular signals (e.g. theophylline or the herbicide atrazine) [49, 86] . In other words, at the microbial level, an outcome can be reached by 're-programming' the cell with artificial genes that could lead to this outcome with different pathways and different molecular triggers. Most of these approaches are based on the present understanding of how natural regulatory pathways work in bacteria [18, 19, 71] . Because of the high modularity and rather simple regulatory pathways in bacteria (especially when compared with those from eukaryotes), artificial regulatory pathways can be built, and existing functions and molecular parts can be easily exchanged with the new ones (http://partsreg istry.org) [87] .
Within the context of synthetic biology, complementation experiments are extremely useful tools for experimentally unravelling the real nature of the modularity behind the various functions characterizing living organisms. Determination of this functional modularity allows identification of classes of functional equivalence that could potentially be hierarchically organized based on their degree of importance for the bacteria in welldefined experimental conditions.
CONCLUSION
In conclusion, TDC by information control and adaptive selection are at the root of converging forces that shape the evolution of living biosystems from the simplest to the most complex levels. Living systems could therefore be defined as self-reproducing systems that function via TDC by information control and adaptive selection. The functions of the COS that control cellular reproduction and DNA replication are maintained through TDC by information control leading to a converging driving force. This is apparent within the COS as it can have different modes of operations with TDC by information control in life L. Jaeger and E. R. Calkins 37 the same functions. It is anticipated that functional convergence at the molecular level might not be as rare as initially thought. With the development of synthetic biology, it is expected that functional testing by complementation of newly identified molecules could lead to the discovery of a greater number of examples of ultimate functional convergence that are indicative of TDC. As long as the fundamental functions of reproduction and replication are kept, emergence of novel functions from the bottom-up is possible. This is, however, under the dependency of TDC by information control and adaptive selection. Indeed, whatever emerges from the bottom up still must work within the context of the living system. Darwinian evolutionary processes in living systems are therefore not only ruled from the bottom up but also by fundamental emerging organizational principles that are hierarchically built up and impose necessary constraints from the top down. These principles are the key for defining organic life.
